ABSTRACT
The trimeric protein LamB of E. coli K12 (maltoporin) specifically facilitates the diffusion of maltose and maltooligosaccharides through the outer membrane and acts as a non-specific porin for small hydrophilic molecules. LamB serves also as a specific cell surface receptor for phages, including phage lambda. Each monomer consists of an eighteen-stranded antiparallel ß-barrel with nine surface loops (L1 to L9). Three loops fold into the ß-barrel, with loop L3 constricting the channel about half way. Monomers bind sugars independently of each other. Structural studies of maltoporin in complex with maltodextrin showed that the binding site, located at the channel constriction, was composed of : i) a "greasy slide", a left-handed helical arrangement of aromatic residues extending along the channel providing a hydrophobic path to the glycosyl moieties; and ii) an "ionic track", found on both sides of the channel constriction zone, providing residues available for forming hydrogen bonds with the sugars. The participation of the surface loops that cover the entry of the pore to phage binding and to sugar binding and transport has also been thoroughly investigated. Genetic and biochemical analyses suggest that some of the surface loops participate directly in the orientation and entry of maltooligosaccharides into the channel and, thus, control access to the binding site.
This non-exhaustive review will summarize briefly the major methodological and conceptual advances on the analysis of LamB, during the past two decades. The role of different domains of the protein that participate to sugar transport will be described; particular emphasis will be given to the role of the surface loops. Then, we will discuss how these domains may interact functionally and propose a comprehensive model of maltodextrin transport through the LamB pore.
INTRODUCTION
The outer membrane of Gram-negative bacteria acts as a molecular filter, which has a defined exclusion limit for the permeation of hydrophilic solutes. These molecular sieving properties are due to a major class of proteins called porins (1) . Many porin pores form nonspecific water-filled channels which allow the diffusion of ions and low molecular weight hydrophilic molecules (generally smaller than 600 daltons, 2). Other porin pores such as LamB (maltoporin) and Tsx of Escherichia coli (3, 4, 5) and the protein P of Pseudomonas aeruginosa (6, 7) form specific channels that contain binding sites for classes of solutes. These specific pores are either constitutively expressed in the outer membrane or they are induced when the cells are grown on particular growth media.
Like the general porins, LamB of Escherichia coli K12 is a trimeric protein that forms non-specific channels through the outer membrane. LamB is also a sugar-specific porin that facilitates the diffusion of maltose and maltodextrin into the cell (8, 9, 10), and references therein). In addition to these transport functions, LamB serves as a specific cell surface receptor for phage λ as well as for a number of other bacteriophages (10, 11, 12, 13, and references therein).
The structures of several general porins of Gram-negative bacteria have been determined by X-ray crystallography (14, 15, 16, 17, 18, 19) in the past ten years. These structures are variations of a 16-stranded antiparallel ß-barrel with nearest-neighbour connections between strands. In contrast, the crystallographic analyses of the maltose-specific LamB proteins from E. coli (20) and S. typhimurium (21) and of the sucrose-specific ScrY of enteric bacteria (22) revealed that each monomer within a trimer formed an 18-stranded anti-parallel ß-barrel; the ß-strands being linked by nine loops from the extracellular side, with variable lengths (called L1 to L9, from the N to the C terminus), and eight internal turns or loops (called I1 to I8). The resemblance of the maltoporin and sucrose porin tertiary and quaternary structures to those of non-specific porins is obvious, although there is no detectable amino acid sequence similarity (Figure 1) . Although, the determination of the crystallographic structure of maltoporin constituted undoubtly a major step toward the understanding of the molecular mechanisms of sugar translocation through LamB, genetic approaches and biochemical analyses provided essential information about the in vivo process of sugar translocation.
Here, we will place first the major genetic and structural studies on LamB in a historical perspective. Then, our current view of sugar binding and transport through LamB will be discussed.
A few words of history: some important dates
Various genetic, biochemical and structural studies, initiated more than 30 years ago, contributedeither independently or complementarily-to our present understanding of the mechanism of maltodextrin transport through LamB. Some key dates that correspond to major advances rergarding the phage receptor activity of LamB, its sugar-specific pore function as well as important topological and structural data, are listed in Table 1 .
The LamB protein is part of the maltose uptake system (the mal system) in E. coli and other Enterobacteriaceae (see 23, for a recent review). The first function identified for the lamB gene product was to constitute a receptor for phage λ at the surface of E. coli K12. The protein was therefore initially called the lambda receptor (12, 24, 25) . In parallel, Szmelcman and Hofnung showed that LamB of E. coli was also involved in maltose utilization. Mutants lacking this protein were impaired in maltose uptake when the concentration of maltose was in the micromolar range (9) . The first quantitative analyses of the effect of LamB on maltose transport were then performed (26) . This suggested a high specificity of LamB for carbohydrates (27) hence its other name, maltoporin. In fact, swelling experiments using reconstituted liposomes showed later that the LamB channel exhibited a considerable specificity for the permeation of maltose and maltooligosaccharides over that of other carbohydrates such as sucrose and lactose (28) . Moreover, maltoporin was shown to possess a binding site for carbohydrates in vivo and in vitro (8) . Experiments suggesting physical interactions between LamB and the periplasmic maltose-binding protein were also reported (29, 30) . The determination of the limiting amount of LamB in maltose uptake in vivo (at micromolar concentrations) was then shown (31) . Later, Boos and co-workers determined the in vivo kinetic constants for the flux of maltodextrins through LamB, using a maltohexaose analog (32) .
A series of new residues in LamB, involved in phage adsorption (33) and/or sugar binding (34) , were then identified.
The lambda receptor site
The extensive analysis of mutations conferring resistance to bacteriophages, performed in the laboratory of Maurice Hofnung, allowed the definition of the phage lambda receptor site on LamB. These studies revealed that the receptor site was discontinuous and composed of a series of residues mainly clustered in four surface loops of LamB (33) . Remarkably, the X-ray structure confirmed that all the mutations conferring phage resistance are located on the extracellular side of the barrel. In some cases though, they affect residues at the base of the loop. These sites are not exposed and should cause an indirect effect on the surface of the loop structures (20, 35) .
Furthermore, some of the residues constituting the phage receptor appeared to be also involved in maltose uptake in vivo (36) as well as in vitro (4) . Three classes of mutants were identified: i) mutants with no effect on sugar binding and transport; ii) mutants with a significant but variable reduction in sugar binding and transport; and iii) mutants for which sugar binding and transport was almost completely abolished. The correlation between the level of impairment of dextrin binding (measured on starch columns) and impairment of maltose transport (measured with 14 C-labelled maltose, at various limiting concentrations) was consistent with the notion that the residues influencing starch binding were inside, or in close proximity to, the pore.
The sugar binding site
On the other hand, a series of mutations altering starch binding, analyzed in the laboratory of Tom Ferenci, provided crucial information on the nature of the sugar binding site of maltoporin (see for examples, 34, 37, 38) . Most of these mutants were not affected in phage binding, demonstrating that the binding sites for starch and phage lambda overlapped but were distinct. Strikingly, among the residues identified, residues R8 and R82 were later shown by Xray analysis to belong to the ionisable track within the LamB constriction zone; and residue W74, the first aromatic of the greasy slide; demonstrating the efficiency of genetic selection procedures. In addition, it was also shown very recently that replacement of residue Y118, located at the tip of L3 in the central constriction of the channel (39), increased ion fluxes through lamB.
Topological studies
Other approaches, like the mapping of monoclonal antibody binding sites and proteolytic cleavage sites in LamB, were developed in the laboratory of Maxime Schwartz (40, 41, 42, 43, 44) to provide topological information on the tertiary and quaternary structure of LamB.
In 1986, I developed a novel general genetic procedure to probe the topology of LamB, in the laboratory of Maurice Hofnung (45) . This approach consisted in inserting a foreign epitope into permissive sites of the protein, allowing probing its topology with a single antibody (specific of the inserted epitope). In the absence of crystallographic data, this approach led us to identify the major loops of LamB (45, 46 47) . Later on, a loop deletion mutagenesis approach was used (48, 49 50) to understand the role of these predicted loops in maltodextrin binding and uptake. The analysis of the in vivo properties of the various insertion or deletion mutants of LamB, combined with biochemical studies, carried out in collaboration with the laboratory of Roland Benz, led us to define the contribution of the surface loops to sugar transport through LamB (51, 52, 53) . After the elucidation of the three dimensional structure of LamB of E. coli by X-ray crystallography (20) in 1995, systematic sitedirected mutagenesis studies were carried out to determine the participation of each of the residues suspected to constitute the sugar binding site (the aromatics of the greasy slide and the charges of the polar track) to sugar binding and transport through the LamB pore (54, 55, 56).
The functional domains of LamB involved in maltodextrin binding and transport
The maltoporin oligomer of E. coli is formed by three polypeptide subunits composed of 421 amino acids (57) . Each subunit forms a cylinder. The dimension of the channel in the subunits is limited by loop L3, which is folded inside the cylinder and restricts it to 3 x 5 Å. The specificity of maltoporin is mainly provided by three sets of factors in the interactions with maltooligosaccharide: i) apolar van der Waals contacts with a hydrophobic path composed of aromatic residues and located at the channel lining (also called the greasy slide); ii) hydrogen bonds in particular at the constriction of the channel and at the external orifice (55) and iii) a stereospecificity filter provided by the surface loops that control the access to the channel. We will come back to this notion of accessibility filter in the last paragraph. The entry of the LamB channel has a diameter of about 10 Å and is reduced to 5 Å in the transmembrane part, mainly due to the presence of two loops from the extracellular side, L1 and L3 as well as part of L6, which fold into the barrel and create a constriction zone. In the general diffusion porins, only one loop, L3, folds into the channel and contributes to the reduced size of the constriction zone (to approximately 9 Å). Thus, in spite of their larger molecular weights, maltoporins form significantly narrower channels ca. 50% in the constriction zone ( Figure 1) . Interestingly, the LamB protein also contains two of four sequences that are conserved in amylases and form the maltodextrin binding site there (58) . One of them, at positions 106 to 111 of LamB, is actually part of the sugar binding site as determined by the X-ray crystallography.
We will discuss below the respective contribution of the sugar binding site (greasy slide and polar track) and of the surface loops, to sugar translocation through LamB.
ROLE OF THE GREASY SLIDE AND POLAR TRACK
The greasy slide is composed of six contiguous aromatic residues which form an elongated apolar stripe extending from the vestibule through the channel constriction to the periplasmic outlet (Figure 2 ). The first residue W74, is provided by L2 of the neighboring subunit. The next three residues Y41, Y6 and W420, are situated in the middle of the channel. The last two residues W358 and F227, reside in the periplasmic vestibule. Alanine scanning mutagenesis on the six residues and mutants were characterized in vivo and in vitro (56) . All the mutants which could still form trimers showed considerably reduced maltose uptake rates in vivo (<10% of the wild-type). Thus, both ends of the slide, although not part of the high-affinity binding site, facilitate diffusion of maltose and are of comparable importance.
The polar track, located at the constriction zone, is composed of two sets of ionisable residues, arranged pair-wise, but in most cases too far apart to form salt bridges and thus, likely to constitute hydrogen bond donors/acceptors with sugar substrates (Figure 2 ). These residues (R8, R33, E43, R82, and R109, D116 (54) were systematically mutagenized and the effects of single or multiple mutations were investigated by current fluctuations, liposome swelling assays and in vivo transport assays. Analysis of the various mutations revealed a strong effect on the kon values (corresponding to the association rate of the sugar), indicating that the polar track residues were clearly involved in the fixation of the sugar to the binding site of the protein. As expected, all the mutations induced also a strong decrease of in vivo uptake of sugars.
The affinity of LamB for maltodextrins increases with sugar length but, on the disaccharide level, there is little difference between maltose, sucrose, trehalose and melibiose binding affinity (59) . Compared with maltose, the rate of trehalose is similar while it is smaller by a factor of three for melibiose and by a factor of 40 for sucrose. It has been shown in vivo that trehalose utilizes LamB for passage across the outer membrane (60, 61) , while sucrose uptake is facilitated by thesucrose porin ScrY (62, 63) . Interestingly, in the sucrose porin of S. typhimuirum, ScrY, which transports sucrose (a nonreducing disaccharide composed of Glucosyl and fructosyl moieties), the four external of the six aromatic residues are strictly conserved, up to the level of a similar side chain conformation and the degree of conservation of ionisable residues -the ionic track-is also high (22) . In spite of the very similar architecture of both glycoporins in the constriction zone, the cross-section of ScrY is larger than LamB, due to three major exchanges in the sucrose porin (residues 192, 201 and 204, in ScrY), explaining the much higher single channel conductance of ScrY in 1 M KCl as compared to LamB (1.4 versus 0.15 nS) (64) . In consequence, while in the maltosetransporting porin LamB, the flow of the bulky sucrose molecules is severly impeded (mainly by sterical hindrance), in the larger sucrose porin, the sucrose molecules have the ability to slide easily through the channel, allowing thus to transport sucrose rapidly.
The structure of LamB and of ScrY show thus a large degree of structural conservation; the gross differences between both "glycoporins" lying in the size and sequence of their external loops which tend to tilt over the pore vestibule in both porins.
PARTICIPATION OF THE SURFACE LOOPS TO SUGAR TRANSPORT
The entry of the pore is covered by loops from the extracellular side that form a sort of "umbrella" (Figure 3 ). The presence of this umbrella, mainly composed of loops L4, L6 and L9, raises two major questions: i) does it constitute a selective filter or a barrier at the entry of the pore? ii) does it contain a primary weak binding site for sugars at the entry of the pore?
The role of these loops on sugar transport and binding was addressed by constructing and analysing the in vivo and in vitro properties of loop deletion mutants (49, 50, 51) . The data obtained fit with a model where the maltooligosaccharides bind in the orientation where the non-reducing end points towards the periplasm and where absence of some of the loops lead to obstruction of the channel from the outside.
IN VIVO INTERACTIONS BETWEEN LOOPS L4, L5 AND L6
In vivo, single and double loop deletions including ?L4, ∆L5, ∆L6 abolished maltoporin functions, whereas the triple deletion ?L4+∆L5+∆L6 did not. Moreover, while deletion of the central variable portion of loop L9 affected only moderately maltoporin function, its combination with the double deletion of loops L4 and L6 strongly impaired maltoporin function (51) . The in vivo transport and binding data suggested that the three surface loops L4, L5 and L6 of LamB interact together in vivo, but do not interact with loop L9, the most distal surface loop of the protein. One simple explanation for the loss of maltoporin functions in the single deletions of L4, L5 or L6, is that the conformation of each of the loops depends on the presence of the two other loops. Without one of the loops, at least one of the remaining ones would collapse and prevent access of the sugar to its binding site located within the channel. The in vitro results are in perfect agreement with this hypothesis. This idea also fits well with the observation that these three loops are packed together on the X-ray model. The absence of the three loops L4, L5 and L6 is not deleterious to maltoporin function. However, the simultaneous loss of L4, L6 and most of L9 strongly impaired maltoporin function in vivo, which suggests that these major surface loops of LamB contribute to some extent to the capture of the sugar molecules at the entry of the channel.
At this stage, it is interesting to compare the properties of the loop deletion mutants with earlier results on chromosomally-encoded single amino-acid substitutions in LamB. Some of the mutations conferring tight resistance to λ? were also shown to significantly affect maltoporin function (36) . In particular, changes at amino-acid positions 148 (located one residue upstream of the first residue of loop L4), 245, 247, 249 and 250 (all four located in the proximal portion of loop L6) were shown to provoke a strong decrease of maltoporin function. Initial rates of maltose uptake were strongly reduced and starch binding was completely abolished. The effects of this single amino-acid substitution on maltoporin function can be explained either by direct or indirect modifications of loops L4 and/or L5 and L6. The mutation could for example provoke the collapse of loop L4, thereby blocking the entry of the LamB channel. The mutation could also modify the orientation of the adjacent loop L4, so as to provoke a destabilization of the neighboring loop(s) (L5, L6), leading finally to the occlusion of the pore. Remarkably, the crystal structure shows that all these residues are located at the "mouth" of the pore.
Thus, even if the multi-loop structure does not play an active role in maltodextrin capture, its integrity seems essential for (optimal) maltoporin functions.
IN VITRO STUDIES ON LOOP DELETION MUTANTS
In vitro, reconstitution experiments, performed with lipid bilayer membranes in the presence of purified mutant proteins (51, 65) , showed that the deletion of one of the loops L4 or L6 resulted in a considerable reduction of carbohydrate binding from the external side, whereas it had only little influence on the carbohydrate binding from the periplasmic side.
In addition, the results of amylose column purification and asymetric titration experiments suggest that carbohydrates enter the LamB channel from the cell surface side with the non-reducing end in advance (51) . Reconstitution experiments with lipid bilayer membranes proved that the different loop deletion mutants formed ion-permeable channels in lipid bilayer membranes. The single-channel conductance of these channels was very similar to that of wild type maltoporin (6).
The loop deletion mutants LamB∆L4 and LamB∆L6 led to channels which exhibit asymmetry concerning carbohydrate binding from both sides of the channel. The binding of the reducing carbohydrate end from the periplasmic side of the channel appeared to be essentially unchanged, whereas the affinity of the binding site towards the non-reducing end from the external surface was drastically reduced. Two, non mutually exclusive, hypotheses can explain the mutant channel asymmetry. The first one consists in saying that the surface exposed loops are needed to direct the carbohydrates to the binding site localized inside the channel (53, 55) . However, this explanation is not totally satisfactory because a LamB mutant which lacks all major surface loops (L4, L6, L9) has approximately the same in vitro carbohydrate binding affinity as wild type maltoporin and does not exhibit any binding asymmetry (51) . The second hypothesis proposes that the deletion of certain surface exposed loops such as L4 or L6 leads to a collapse of the complex architecture of the surfaceexposed structure which covers the external surface of the channel. This would then cause a sterical hindrance for the entrance of carbohydrates to the binding site inside the channel.
PROPOSED MECHANISM OF SUGAR TRANSLOCATION
In vitro measurement of malto-oligosaccharides binding to LamB suggest that the sugar molecules hit the channel many times before they are bound to the internal binding site. This is probably to due to the fact that the sugar must be: i) properly oriented -i.e. the non-reducing end in advance; and ii) in alignment with the channel axis, before it can bind efficiently. In bacteria, the sugar bound from the cell surface has two possibilities: to move back or to move further into the channel. The surface loops probably participate to the correct orientation of the sugar molecules via one or several discrete binding sites. The periplasmic space represents the bottleneck that converts the transport through the LamB channel into a vectorial one when sugars have reached the periplasm. Indeed, once in the periplasm, sugars bind with high affinity (K D around 1 ? M) to maltose-binding protein (MBP). Subsequently, the MBP-sugar complexes reach the inner membrane transporter MalF-G-K 2 , an ABC transporter made of two integral membrane proteins (MalF and MalG) and two copies of the ATP-hydrolyzing peripheral subunit MalK (see the reviews by Amy Davidson and Elie Dassa, in this isssue). Since neither the sugar nor any of the proteins involved in the passage across the inner membrane are phosphorylated during transport, it is commonly proposed that the energy gained through ATP hydrolysis is transferred to protein conformational changes in MalF and MalG, followed by the MBP-triggered release of the sugar, resulting in its unidirectional translocation through the membrane.
Role of the L9 loop
The thorough analysis of the L9 loop of LamB (49) led us to propose the existence of a primary weak binding site for sugars in the proximal portion of L9 (Figure 4 ) which would participate in sugar concentration and orientation at the rim of the channel.
Our results are consistent with the hypothesis that the functions of loop L9, both in the specific facilitation of maltodextrin uptake and the control of nonspecific permeability, arise from the upstream conserved flanking sequence that contain charged and aromatic residues. The charged residues clustered in the proximal portion of L9 may create a sugar binding domain for maltose and maltodextrin, possibly together with another part of the protein. A biochemical rationale exists for the participation of this region of the protein in maltose binding: the charged and aromatic residues are capable of sugar binding by hydrogen bonding or ring stacking. However, in the structure, residues E374 and W376 are not exposed to the pore lumen: E374 forms a slat-bridge with an arginine and is covered by L3; and W376 is very central to the loop L9 protrusion (T. Shirmer, personal communication). Therefore, indirect structural effects caused by some of the mutations cannot be excluded.
The fact that this portion of LamB was not implicated in binding when maltoporin crystals were soaked with maltotriose (20), might be due : i) to a low affinity of this binding site ; ii) to a sterical hindrance provoked by trimer-trimer contacts within the crystals that prevent normal maltose binding; or iii) to the fact that the loop structure is modified by crystal contacts. The establishment of a binding site at the rim of the LamB vestibule umbrella, may provide a driving force for passage of linear maltodextrin into the channel.
We previously proposed that point or small insertions or deletions affecting the specific diffusion of maltodextrin through LamB could influence one or several of three main factors: accessibility from the outside of the pore, pore size, or affinity of the binding site. Our data are compatible with the idea that passage of maltose and maltodextrins through the LamB pore occurs in three major steps ( Figure 5 ): i) the proximal portions of the three major surface loops of LamB L4, L6, and L9 participate to the first step of dextrins binding at the rim of the channel (the upstream conserved region of the Dloop containing the major binding site); ii) the sugar is transferred to the binding site, in the channel constriction zone below (this second site being composed of the greasy slide and polar track, at the channel lining); iii) the sugars are finally released to the other side of the constriction zone in the periplasm, where they can be taken up by the maltose-binding protein and addressed to the inner membrane transporter.
CONCLUDING REMARKS
One of the major aims of this review was to illustrate how genetic, biochemical and crystallographic approaches converged to elaborate a comprehensive view of the mechanism of sugar translocation across LamB. Indeed, while crystallographic studies helped define at the atomic level the nature of the interactions between the sugar molecules and the protein; the genetic and biochemical analyses of defined mutants provided Maltodextrin are translocated in three steps consisting of : I -the orientation of the sugar molecules with the non-reducing end in advance (black circles) mediated on the on hand, by the surface loops L4, L5, L6 and on the other hand by L9 (existence of a weak binding site at the rim of the channel?). II -the gliding through the channel mediated by interaction with the greasy slide (hydrophobic stacking to the aromatic residues) and the polar track (ionic interactions with the charged residues). III -the release in the periplasm. The central loop L3 (yellow) and loop L9 (red) are in space-filled representation. L1 to L9 refer to the nine cell surface-exposed loops. Boxed to the bottom right: a cartoon representing the LamB monomer as a hand where the major surface loops form fingers helping capture and proper access of the linear sugars to the channel interior.
information on the kinetic parameters influencing sugar translocation. However, in spite of these extensive studies on LamB during the past two decades, the actual mechanism of maltodextrin transport is not yet fully understood. At this stage, it is tempting to propose that the major surface loops of LamB (L4, L6 and also L9) may constitute an accessibility gate that controls the access of the sugars to the LamB channel. Since the length of a maltoheptaose molecule is of about 25 Å and the diameter of the constriction zone within the LamB channel of about only 5 Å, correct orientation of the sugar moleclules is obviously an absolute prerequisite for their efficient translocation inside the LamB channel (66) . Interactions of the sugars with these LamB cell surface domains may participate in capture and correct orientation of sugars. The exact nature of this accessibility gate is still an open question. Its functioning could involve its conformation, a weak binding capacity or even perhaps movements of the corresponding loops.
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